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The rate of local  heat transfer from a solid surface t o  a moving 
f lu id  is  related t o  the local  skin fr ict ion.  Measurements of heat trans- 
'fer from smaJl elements embedded in the surface of a solid can thus be 
used t o  obtain local  skin-friction coefficients. This method was applied 
by Fage and FaUrner f o r  b m h a r  boundary layers and by Luawieg f o r  tur- 
bulent boundary layers. !The present report discusses the possible range 
of application of such an instrument in low- and high-speed flow and 
presents experimental data t o  show tha t  a very simple instrument can be 
used t o  obtain laminar and turbulent skin-friction coefficients with a 
single callbration. The instrument consists of an ordIna-ry hot-wire 
cemented into a groove in the surface. The heat loss from the wire i s  
proportional t o  the cube root of the wall shearing stress, and the con- 
stant of proportionality may be found by one calibration, f o r  example, 
in laminar flow. 
It is  the purpose of the present report t o  discuss some aspects of 
the method of obtaining skin-friction coefficients f r m  a measupment of 
the local  ra te  of heat transfer. This study developed logically from 
the previous work on skin f r i c t ion  a t  the Guggenheim Aeronautical 
Laboratory of the California Inst i tute of Technology. A compact and 
sensitive skin-f r ict ion balance was developed by Dhawan (ref.  1) and 
further improved by Coles (ref.  2) and -en (unpublished) . Coles 
extensive measurements of local  skin f r i c t ion  i n  supersonic flow shuw 
that  very accurate measureme'nts can be obtained using such a balance. 
The force measurements have two great advantages. First, they are abso- 
lute measurements; tha t  is ,  no calibration other than the determination 
of the spring constant of the system is necessary. Second, the resul t  
of the measurement yields the shearing s t ress  directly. The method has 
the disadvantage that a rather delicate mechanism is  employed and further- 
more is  essentially restric-tkd t o  cases of zero, or a t  leas t  small, 
pressure gradients. 
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Coles (ref .  2) has employed the balance $n flows with a moderate 
pressure gradient and has shown that the instrument can be calibrated 
f o r  this purpose. However, the measurement requires a correction fo r  
apparent shear due t o  pressure force, and hence one of the m a i n  advan- 
tages of the floating-element technique i s  los t .  Therefore, the logical 
next step i s  the development and use of a method which requires a cal l-  
bration but i s  less delicate than the floating-element technique and can 
also be used in regions of large pressure gradients. The floating- 
element technique may then be used t o  calibrate such a relative 
instrument. 
Two methods of skin-friction measurement used in the past which can 
be developed further are the Stanton tube technique and the method of 
measuring local  heat transfer. A few measurements using the Stanton tube 
in high-speed flow and in large pressure gradients have been made by 
m e n  (an unpublished paper). The heat--transfer method used by Fage 
and Fallmer (ref.  3) in  laminar boundary layers and by Wwieg (ref. 4) 
and by LudKieg and TiLhmnn (ref.  5)  in turbulent boundary layers w i l l  
be aiscussed in Ws report. 
Fage and F a l b e r  as  well as  Luawieg have demonstrated that the 
method i s  feasible f o r  subsonic laminar and turbulent flow and in regions 
of large pressure gradient. It is  the purpose of the present study t o  
investigate the application of this method t o  high-speed flow. The basic 
D 
reqyirements and range of applicability fo r  such an instrument are dis- 
cussed. A t  W I T  an attempt has been made t o  develop an instrument 
capable of being calibrated i n  a laminar  boundary Layer and used in a 
turbulent boundary layer. After considerable time was spent with elab- 
orate devices it was found that  a simple hot-wire d e d d e d  in the solid 
surface meets these requirements. Although measurements in high-speed 
flow have not yet been performed, the theoretical discussion and the 
results  of the low-speed-flow measuremenbs show that this instrument has 
very at tract ive features and that  further development i s  well warranted. 
This investigation was conducted under the sponsorship and with the 
financial assistance of the National Advisory Committee fo r  Aeronautics 
and formed part of an NACA sponsored investigation of skin-friction 
measurements in high-speed flow. 
f r i c t ion  coefficient, ' T,/($IJ~) 
f lu id  specific heat a t  constant pressure 
function in equation (15) 
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streamwise dimension of heated element 
I?wselt number, q$/MT 
P r  Prandtl number, cpp/h 
P pressure 
t o t a l  heat f lux from element per u n i t  time per u n i t  of 
cross-stream width 
9w heat f lux per u n i t  area of element per unit time a t  w a l l  
R~ Reynolds number based on L, ~ U L / ~  
R~ Reynolds number based on 5, p ~ ~ / p  
T temperature (also used f o r  plate and element) 
t time 
U free-stream value of u 
u velocity in x-direction 
downstream coordinate; origin a t  leading edge of f la t  
plate 
coordinate normal t o  plate 
\ 
thickness of thermal layer 
thiclmess of laminar subleyer 
thickness of laminar boundary layer 
thermal conductivity 
coefficient of viscosity 
v kinematic viscosity 
5 x-coordinate of upstream edge of heated element 
n a (912~~) ( ~ P / w )  
P f lu id  density 
7w shearing stress at solid surface 
a, exponent of viecosity-temperature lax 
Subscript: 
PRIN(XP?XS OF HEATED EZEM3NT 
Fage and F a l h e r  (ref.  3)  and Ludwieg (ref.  4) have given somewhat 
elaborate theoretical analyses of the heated-element technique of shear 
measurement, and the recent papers of Lighthill (ref.  6) and Chapman and 
Rubesin (ref. 7) are also useful. However, it seems preferable here t o  
work out the pertinent features of the method from simple similarity 
considerations, since this treatment can be extended easily t o  flow a t  
high speed anh t o  flow with pressure gradients. In working with dimen- 
sional and similarity conditions it w i l l  of course not be possible t o  
obtain the numerical values of dimensionless coefficients. This fact ,  
however, i s  of minor importance since problems such a s  heat leakage w i l J  
complicate the boundary conditions f o r  an actual element and in  most 
cases w i l l  make calibration mandatory. 
Fundamental'Ly, the heated-element technique as  shown in figures 1 
and 2 makes use of the well-hown resemblance between the diffusion of 
heat anh of vorticityl- near a solid surface, the former being responsible 
fo r  the heat transfer and the l a t t e r  for  the shear. From the surface of 
a solid body in  viscous flow, vort ici ty diffuses into the flow forming 
the boundary layer. If the surface temperature of the body is raised 
above the recovery temperature, heat w i l l  diffuse into the flow, The 
diffusion process consists of continuous conauction of heat or vorticity 
from the wall into the stream, with simultaneous removal downstream by 
the external flow. 
Flow With Zero Pressure Gradient 
Consider f i r s t  a flat plate extending downstream f r m  x = 0 with 
an insulated surface and therefore a uniform temperature up t o  a 
point x = 5 .  A t  5 the surface temperature i s  raised by an amount AT 
and kept at this level  fo r  x > 5.  
%re i s  no diff iculty in exbending the consiaerations t o  mass 
transfer a s  well. 
If p denotes the viscosity, p the density, and U the free- 
stream velocity, then T ~ ,  the shearing s t r e s s  at  the w a l l ,  can be 
expressed i n  terms of a viscous-boundary-layer thickness 6 by 
with 
Theheat t ransfer  a t  the wall , whichbegins at  x =  5 ,  c a n b e w r i t t e n  
in an analogous way i n  terms of he temperature difference AT and the  
heat-conduction coefficient h 
2 
where 9 denotes a thermal-boundary-layer t h i c h e s s  which w i s e s  from 
a process ident ical  t o  the one determining 6, namely, conduction of 
heat in to  the  f l u i d  and transport downstream. The coefficient equivalent 
t o  v i s  the r a t i o  hlpcp. Hence, by analogy with equation (2), 
where the velocity u(9) has now t o  be evaluated at  the edge of the  
thermal layer. It should be recalled tha t  equation (2) i s  often based 
upon an argument of Lord Rayleigh's using the analow with the spreading 
of heat. Rayleigh discusses the  problem of an in f in i t e ly  extended f l a t  
plate  s e t  impulsively in to  motion with constant velocity U at  
t h e  t = 0. For an incompressible f l u i d  the equations of motion reduce 
then t o  
If the plate  i s  suddenly heated t o  a temperature difference A!T a t  
time t = 0, the  corresponding eqm-Lion f o r  T i s  : 
Hence the  layer of f l u i d  affected by the  spreading of vor t ic i ty  or  heat, 
respectively, i s  at  a time t 
and 
Equations (2) and (4) follow by considering the time taken by a f l u i d  
par t ic le  t o  t r ave l  from the origin of the  vor t ic i ty  o r  heat spreading 
t o  the point x as the  time t in the nonstationary case. The only 
new feature in equation (4) i s  the  use of a variable outside veloc- 
i t y  u(i3). 5 t  is, the  eldstlng bomdary-hyer flow is  considered t o  
be a given external flow f i e l d  in to  which the  heat f r m  the w a l l  diffuses. 
This concept w i l l  prove quite useful f o r  the present considerations and 
i s  believed t o  be applicable t o  many other problems of a slmilar type. 
!Che region near the  w a l l  w i l l  be of primary importance f o r  the heat 
t ransfer  so tha t  within limitations discussed l a t e r  u(i3) can be 
replaced by the  f i r s t  t e r n  of a ser ies  starting from the  w a l l . 2  Thst 
is, since the  velocity at  the w a l l  is zero, 
Inserting equation (5) in to  equation (4) yields immediately 
2Fage and w r  (ref .  3 ) ,  LuaKieg (ref .  4) , Lighthill (ref .  6 ) )  
and others have a lso  used t h i s  approximation. 
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and the heat f lux  at  the w a l l  becomes, from equation ( 3 ) ,  
Introducing a Nusselt number Nu based on the length 5 ,  equation (7) 
can be written in terms of the loca l  skin-friction coefficient 
Cf = hdpu2, the Prandtl  number Fr = y / h ,  and the Reynolds number 
R e  = PUS/P: 
From equations ( a )  and (8) one may also obtain formulas f o r  the  inte- 
grated heat t ransfer  from a heated s t r i p  extending f r m  5 t o  5 + L, 
say; thus 
and 
For the heat transfer f ram a short s t r ip ,  t ha t  i s  L << 5, T ~ ( x )  or  
~ ( x )  win be nearly constant in the range of integration am3 hence 
equations (?a) and (8a) become simply 
and 
Equation (8b.) i s  the basic relation used for  the determination of skin- 
f r ic t ion coefficients from a measurement of heat transfer a t  a heated 
s t r i p  of length L. Equations (7) and (8) differ  somewhat from the 
result of Lighthill (ref. 6) and frm other more elaborate computations, 
for  example, f r o m  Eckert (ref.  8) . Lighthill' s equation corresponding 
t o  equation (7a) reads: 
Hence, except fo r  constant factors the difference between Lighthill 's  
equation and equation (78) i s  the form of the shearbg-stress integral J; 
that  is, from Lighthill 's  equation 
as  compared with 
from equation (7a). For s m a l l  values of L, rW i s  nearly constant and 
the integrals agree except fo r  a constant, since both are proportional 
'I3 L2h. The difference i s  thus quite immaterial f o r  the purpose t o  TW 
of the present paper; it arises from the fac t  that  the simple relation 
of equation (4) f o r  9 does not take into account that  u, because of the 
thickening of the boundary layer, depends on x. 
O n  the other hand, it should be kept in m i n d  that  the reasoning 
leading t o  equation (7) or  (8) i s  based on local  considerations only. 
Thus equations (7) and (8) are valid in both the laminar and the turbu- 
lent  boundary layers as  long as  approximation ( 5 )  holds. In the turbu- 
lent  layer this requires the restr ict ion tha t  9 be less  than the thick- 
ness of the laminar sublayer. This condition wi l l  be discussed below, 
a f te r  considering the effects of a strong pressure gradient. 
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EPf ect  of Pressure Gradient 
For application of the heat-transfer method near, but not of course 
a t ,  a separation point (e .g., i n  shock-wave boundary-byer interaction 
experiments) it i s  important t o  discuss the trend of equations (7) and (8) 
i n  a pressure gradient. 
The incompressible flow w i l l  be considered first,. Equations (3) 
and (4) are s t i l l  valid locally since the effect of change in velocity 
profile over the element length i s  an order smaller than the effect  of 
velocity profile i t se l f ,  but equation ( 5 )  has t o  be reconsidered. Devel- 
oping equation ( 5 )  t o  second order yields 
In  a boundary layer the pressure gradient dp/dx i s  related simply t o  
(a'./@)w by 
and hence equation (9) can be written 
Thus the parameter 
characterizes the influence of the pressure gradient. If dp/dx I_ 0 
the shear -rW i s  large and I w i l l  be mnall. Consequently, the rela- 
I 
t ions of the section enti t led "Flow With Zero Pressure Gradient" w i l l  
remain unaltered. 
Approaching separation, however, (6/-rw) (dp/dx) w i l l  increase 
indefinitely because T, tends t o  zero. Thus it i s  necessary t o  
establish the heat-transfer relations for  large values of sl t o  deter- 
mine the effect of pressure gradient. For th i s  case u(d) becomes 
independent of T, 
and hence from equation (4) 
Consequently equations (7) and (8) become 
The equivalent of equation (8b) would thus read 
where it is, of course, s t i l l  assumed' that  dp/dy << dp/dx a t  the point 
of measurement. 
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Application t o  Turbulent Boundary Layers 
The simplest and most direct application t o  turbulent boundary 
layers of the heated-element technique, in view of the foregoing simple 
considerations, follows when the thermal-boundary-layer thickness 8 
is  required t o  be smaller than the laminar subbyer thickness 8 of the 
turbulent boundary layer. In th i s  case the conditions in the incompress- 
ible turbulent and laminar boundary layers d i f fer  only in the value of 
T ~ ,  and hence a single calibration should be sufficient t o  establish the 
numerical constant i n  equation (8b) fo r  application both in  the turbu- 
lent  and laminar case. That this i s  experimentally feasible i s  shown 
presently. However, the pertinent similarity relations are developed 
f i r s t  . 
Near the w a l l  the velocity distribution in a turbulent boundary 
layer follows the "universal w a l l  law;" that is, u(y) ' obeys a relation 
of the form 
The extent of the so-called laminar sublayer depends upon the form of the 
function f . Ordinar i ly  one defines the laminar sublayer thickness 8 
as the region in which u i s  a l inear function of y; that is ,  
although physically it seems bet ter  t o  define 8 entirely in terms of 
energy dissipation, as, f o r  example, one defines a microscale of turbu- 
lence. Since only an order-of-magnitude estimate i s  needed, numerical 
constants of order unity can be omitted; thus 
so that  the condition f o r  application of the heated-element technique t o  
the turbulent boundary layer reads 
The maxLmum value of 9 i s  reached at the downstream end of the element, 
that  is, a t  (x - 5 )  = L, and thus from equation (6) ,. 
Hence the Reynolds nmiber based on the length of the heated element has 
t o  be l ess  than the Prandtl number didded by the square of the skin- 
f r i c t ion  coefficient. U s i n g  a simple empirical relation fo r  Cp fo r  
turbulent flow, equation (18) can be written conveniently in terms of LIE. For a turbulent f ls t-plate boundary Layer cf is  approximately 
given by 
and equation (18) becomes 
It is  possible t o  sa t is fy  this condition experimentally by making the 
effective length of the element sma l l  enough. However, two interesting 
cases arise. First,  there exists  also a lower limit fo r  L, beyond which 
the boundary-layer approximation ceases t o  be sufficient, since &/ax 
cannot be considered s m a l l  compared with a~ /&;  expressed differently, 
9 i s  no longer mKU compared with L. A short discussion of this 
Umitation i s  given l a t e r  on. Second, the length of the heated element 
may be larger than that  required by eqyation ( lg ) ,  and then the flow 
ohs ide  the sublayer w i l l  became important. !This w i l l  affect both the 
mean-speed distribution and the effective heat conductivity. In this 
case, while measurement of skin f r i c t ion  by use of the heated element 
becomes more diff icult ,  it is  possible that  the method may become useful 
fo r  the determination of turbulent exchange coefficients near the wall. 
Eefect of Compressibility 
Since the purpose of the present discussion i s  primarily t o  formulate 
a theory f o r  a skin-friction measuring instrument, it i s  possible t o  
r e s t r i c t  the temperature difference AT t o  values small enough t o  neg- 
l e c t  the variations of p, p, h, and so f o r t h  due t o  AT. However, i n  
order t o  extend the previous equations t o  high-speed flow, variations 
of p, p, h, and so fo r th  due t o  variations in mean temperature in the 
boundary layer must be considered. 
Tbe quantity AT w i l l  evidently always denote the temperature d i f -  
ference from recovery temperature, except when heat t ransfer  i s  present 
in i t i a l ly ;  the  analysis can of course be extended t o  this case if desired. 
To estimate the Mach number ef fec t  it i s  thus necessary t o  estimate the 
temperature difference across a layer of thickness 6 in the original  
flow. Since 6 i s  always t o  be kept smal l  compared with the  boundary- 
Layer thic.kness 6 this difference can usually be expected t o  be mall; 
hence simple and w t h e r  crude estimates w i l l  suffice.  
Considering flow of a perfect gas, the energy in tegra l  may be written 
in the  f o m  valid f o r  Pr = 1 and zero heat transfer,  
Writing 
and evaluating the  derivatives from equation (20) ,  
14 
or  be t te r  
NACA TN 3268 
To be consistent the Prandtl number in equation (22) should be s e t  equal 
t o  unity or  e l se  &2 should be multiplied by the appropriate function 
of Pr accounting f o r  the deviation of the actual  e n e r a  integral  from 
equation ( 2 0 ) .  
The ef fec t  on the measurements of the temperature difference as  
expressed in equations (21) or  (22) i s  found from equation (n), which 
can ke written 
The variations in temperature w i l l  be i n  general too mall t o  a f fec t  
cp 
and Pr  at  all and hence the compressibility e f fec t  f o r  the  instrument , 
consists essent ial ly  of the variation of p across the  thermal layer.  
The ef fec t  can be eas i ly  estimated now e i ther  by using approximations t o  
Sutherland's viscosity l a w  or  even more s-ly by using a power l a w  f o r  
the p ( ~ )  relat ion.  Putting 
the mean value (Pp) 1/3 in the  t h e m  layer i s  related t o  the  wall 
value by 
Now f o r  air CP = 0.76, hence ( 1  - c~) /g  = 0.03, and therefore the com- 
press ib i l i ty  e f fec t  i s  i n  most cases negligible since the fac tor  m u l t i -  
plying ( 1  - a )  w i l l  be smaller than unity f o r  a reasonably designed 
instrument. 
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Thus, extensions of this method of skin-friction measurement t o  
compressible f l u i d  flow, while not trivial, should be perfectly feasible .  
It should be noted that the discussion of pressure-gradient e f fec ts  
remains valid f o r  f i r s t  approximations. For compp=ssible f l u i d  flow the 
re la t ion  between pressure gradient dp/dx and (a2u/ay2), reads 
with 
This yields  
For the undisturbed flow ( a ~ / & y ) ~  = 0 and hence the re la t ion  between 
and dp/dx i s  nearly the same as  f o r  incompressible flow. 
Limitations of Boundary-Layer-- Analysis 
The relat ions developed so f a r  f o r  the character is t ics  of the heated 
element a re  boundary-layer-type relations.  Ws i s  implied i n  equa- 
t i o n  (4), which gives 9 in terms of x - 6 and u, and a lso  i n  the 
t a c i t l y  assumed f a c t  t ha t  downstream conditions are immaterial so that 
an element of length L w i l l  bebave Ilke the  i n i t i a l  L units of' a 
semi-infinite element. The res t r ic t ions  so f a r  imposed upon L are  such 
a s  t o  require t h a t  L be mall. However, it is evident that a limit w i l l  
be reached beyond which L cannot be decreased without a violation of the 
boundary-layer-type flow. To estimate this l i m i t  the  re la t ion  between 
L and 9 can be wri t ten down. The boundary-layer-type study then 
requires L >> 9, t h a t  is, 
or, comparing equation (28) with equation (a), simply 
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This gives a lower limit fo r  Nu. The most stringent upper l i m i t  is 
given by equation (18) f o r  the case of the turbulent boundary layer. 
U s i n g  equations (18) and (28a) the range for  which the instrument i s  
applicable in the form described here i s  given by 
Heated Element 
Considerable time was spent in developing various types of elements 
and methods of measuring heat transfer. The final experbental arrange- 
ment i s  described below, while a few remarks concerning other methods 
are included in the appendix. 
An ebonite plate, w i t h  a 0.0007-inch-diameter platinum wire cemented 
in a groove in the surface, was held in a f r e e  a i r  jet .  Turbulent layers 
were established by using a t r i p  wire near the leading edge, or in the 
case of the lowest turbulent shearing stress by supporting the t r i p  wire 
just off the surface of the plate and al lowing it t o  vibrate in order t o  
t r i p  the flow. Iaminar layers were obtained with the plate clean. Veloc- 
i t y  profiles were obtained with a similar phtinum wire, mounted as an 
ordinary hot-wire, carried on a micrometer traverse. The apparatus is 
sketched in figure 3 .  Shear stress was calculated from the slope of the 
velocity profile a t  the wall ( in  the Laminar sublayer in the case of 
turbulent boundary layers). 
A f i r s t  attempt t o  use the hot-wire i t se l f  as the surface-heated 
element by touching it t o  the wall proved unsuccessful, possibly because 
of sl ight  i rregulari t ies  in the ebonite surface. The conduction of heat 
t o  the w a l l  i s  always a source of trouble when a hot-wire is  used very 
close t o  a surface, and it was thought that  by continuing the readings 
right up t o  the w a l l ,  the wire should behave l ike  one embedded in the 
xall. A n  exmnple of the profile so obtained i s  given in figure 4. 
With the flush-mounted wire, readings of heat flow per un i t  r i se  in 
temperature of the wire were obtained and plotted against the one-third 
power of the shearing stress computed from the hot-wire velocity profiles. 
Figure 5 shows that  it is  possible t o  obtain reasonable consistency. The 
scatter  of points in figure 5 i s  largely connected with the measurement 
of shearing stress by the slope of the profile near the wall. The 
scatter can probably be reduced considerably by a calibration with a 
floating element. 
Instrumentation 
For velocity-prof i l e  work the hot-wire and a half-ohm standard 
resistance were connected in one a m  of a Shallcross Wheatstone Bridge 
and resistance was maintained constant t o  four-figure accuracy. A Iieeds 
and Northrup type K-2 potentiometer connected across the half-ohm st&- 
ard resistance gave the  current reading t o  four  s ignif icant  figures. 
Wire temperature was computed from wire resistance, while air temperature 
was measured on a mercury thermometer in the  air stream t o  an accuracy o f .  
a t  l e a s t  1/10' C. 
For measurements with the surface wire the  same e l e c t r i c a l  apparatus 
was used, this wire being substi tuted f o r . t h e  hot-wire probe. During 
these measurements considerable time was allowed f o r  the  readings t o  
s tab i l ize .  
Hot-Wire Calibration by Shedding Frequency of a Cylinder 
A point of in t e re s t  may be a hot-wire cal ibrat ion which was accom- 
plished using the vortex-shedding frequency of a cylinder t o  measure xind 
velocity, as described by Roshko in reference 10. Figure 6 shows the  
high accuracy at ta inable  by this method, even t o  the  checking of the  f ree-  
convection point (zero velocity).  The lowest speed read by means of the  
shedding frequency was 48 centimeters per second, which with alcohol of 
0.81 specif ic  gravity would correspond t o  a p i to t - s t a t i c  reading of l e s s  
than 0.002 centimeter of alcohol. A t  such speeds the  shedding-frequency 
method i s  s t i l l  highly accurate, with proper choice of cylinder diameter, 
so that accurate cal ibrat ion was possible down t o  speeds a s  low as almost 
all those used in determining velocity gradients a t  the  surface of the  
plate .  
A l l  the  work was done Kith re la t ive ly  cool wires; the  . W e  tempera- 
ture  never exceeded 100' C, and a i r  temperature was i n  the  region of 
20° C. Throughout the work slow variations of temperature were encoun- 
tered so that the r e su l t s  represent what could reasonably be expected 
under ordinary operating conditions in most wlnd tunnels. 
For prac t ica l  applications a much neater in s t a l l a t ion  would be desir-  
able, possibly a plug of Insulating material, such- as ebonite, inserted 
Fn the  model surface, the  wire being cemented in a groove and properly 
smoothed off at  the surface. &re one m u s t  bear in mind that the  extent 
of the  insulating material  has t o  be suff ic ient  t o  make any conduction 
t o  the  model negligible, so that a single cal ibrat ion will hold good. 
A t  low speeds the whole of the  model should reach stagnation temper- 
ature, so tha t  heat l o s s  t o  the model should be sensibly independent of 
the type of boundary layer  at  the point of study, where the  only appre- 
ciable deviation from stagnation temperature occurs. 

of the Prandtl number Pr, the skin-friction coefficient Cf, and a 
Reynolds number RL based on the effective length L of the element: 
fo r  5 o 
$T 1/4 1 dp 
- + 
(pU2 
dx)""RL1/2 near separation 
?a' 
Here x is the thermal conductivity, dp/dx is the pressure gradient, 
U i s  the free-stream velocity, and p i s  the f lu id  density. In order 
t o  &ow a single calibration for  laminar and turbulent boundary layers, 
while a t  the same t i m e  satisfying the boundary-layer a p p r o a t i o n s  which 
lead t o  the expressions above, the inequality 
must be satisfied. 
California Inst i tute of Technology, 
Pasadena, Calif., July 15, 1953. 
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D m  FORMS OF BEATED EzxmaT! 
Prior t o  the use of a wire moun-ted in the surface, larger heated 
elements were investigated; the l a t t e r ,  although sensitive t o  the type 
of boundary layer t o  which they were exposed, were perfectly capable of 
calibration even when solidly mounted in an ebonite plate without any 
effor t  t o  avoid losses t o  the plate. Two methods of heating were used. 
The f i r s t ,  following Ludwieg's example, used a heating helix wound on a 
glass rod and inserted in a brass block, which was then lapped flush with 
the surface of the plate. The second method employed a th in  plate, lapped 
flush with the surface and fed with heat by an iron s t r i p  terminating in 
a loop of iron sane distance below the plate, as shown in the sketch. 
This loop was heated by induction, a 
co i l  being placed.inside it and fed 
with 112-megacycle-p-er-second a l ter -  
nating current from an oscillator.  
The ra te  of heat flow t o  the element 
was measured by thennojunctions 
employing constantan wire brought out 
t o  terminals A, xhile the surface- 
temperature r i s e  above the equilibrium 
plate surface temperature was obtained 
by means of a thermo junction formed by 
bringing a constantan wire from the 
surface element and an iron wire f r m  
the bottom of the ring t o  terminals B. 
A reference junction was placed in the 
surface of the plate a t  sane distance 
f r m  the heated element. The object 
of induction heating was t o  permit a glass housing t o  be bui l t  around the 
system and evacuated in  order t o  cut down extraneous losses. 
Although no attempt was made t o  elaborate upon the system, it had a 
reasonably f a s t  response, and transition f r m  laminar t o  turbulent bound- 
ary layer could be detected imnediately. 
The possibility of mounting a very thin but well-insulated element 
flush with the surface was considered f o r  the purpose of making dynamic 
measurements. By induction heating the element could be raised t o  a 
steady temperature, as  mzasmd by f ine  themcouple wires in the element, 
and the f i e ld  could then be switched off. The i n i t i a l r a t e . o f  coolln@; 
would give the rate of heat kansfe r  a t  the i n i t i a l  temperature, and, by 
repeated cycling, a steady pattern could be obtained on an oscilloscope. 
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If m is the  mass of the element, a i s  the specific heat of the 
element material, Tw i s  the temperature of the  element, H is  the heat 
content of the element, and &w i s  the  r a t e  of heat t ransfer  t o  the  
boundary m e r ,  then 
when no energy i s  being supplied. 
A study of the element dimensions required, even f o r  very low- 
frequency cycling of the  process, shows tha t  f o r  most ordinary values 
of skin f r i c t i o n  the element would have t o  be so t h i n  that construction 
would be quite impossible. In fact ,  t o  obtain suff icient  mechanical 
strength in the  element t o  permit Lapping the junction with the plate, 
so much mass i s  required tha t  the  t ransient  response would be very slow 
indeed; on the  other had ,  a single cooling cycle would be of l i t t l e  use 
fox accurate measurement of heat-transfer rates. 
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Figure 1.- Heating of fluid by an element. 
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Figure 2. - Heating of fluid by a wire in surface. 
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Figure 3.-  Sketch of apparatus. 
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Figure 4.- Extended velocity profile illustrating effect of touching 
wire to wall. 
Hgure 5. - Heat loss from a w i r e  cemented f l u h  with eurface. 







0 .5 1.0 1.5 2 .O 
W A T T  
"C 
Figure 6.- Hot-wire velocity probe cal lbrat ion using shedding frequency 
of cylinder as standard. i, hot-wire currentj R, resistance. 
